The spatial and temporal properties of human colour vision are examined using isoluminant, red -green and blue-yellow tritanopic gratings. Chromatic sensitivity is found to be low-pass as a function of both spatial and temporal frequency along all the chromatic axes investigated, including the tritanopic confusion lines employed to examine the properties of the S-cone driven mechanism. Comparison of sensitivity to on-off and contrast reversing stimuli indicates that transient mechanisms contribute to the detection of red-green patterns but that the detection of S-cone specific patterns is governed by sustained mechanisms. By compensating for transient contributions to red-green sensitivity, it is shown that sensitivity of chromatic mechanisms dominated by L-and M-cone input are closely matched to those with S-cone input.
Introduction
The perception of colour in Old World monkeys is dependent upon the existence of three normally functioning cone types with photopigments which have their maximal sensitivities in the short-(S), middle-(M) and long-(L) wavelength regions of the visible spectrum. Once encoded at the level of the retina colour information is carried via the parvocellular pathway to the visual cortex (Schiller, Logothetis, & Charles, 1990 ). What appears to be more controversial is exactly how colour processing is organised, or reorganised, as the information travels from eye to brain. The Hering model describes vision as comprising of two colour opponent channels and a luminance channel. Contemporary descriptions formulate colour space as cardinal cone-opponent axes (MacLeod & Boynton, 1979; Krauskopf, Williams, & Heeley, 1982; Derrington, Krauskopf, & Lennie, 1984) . These represent subtractive interactions between L-and M-cones (L -M) and subtractive interactions between S-cones and an additive combination of L-and M-cones (S -(L+ M)), plus a luminance axis formed by the additive combination of L-and M-cone outputs, with little if any contribution from the S-cone system. This simple cone-opponent model describes well the responses of the retina and the lateral geniculate nucleus (LGN), but cannot explain many other experimental observations. Single unit electrophysiology, for example, indicates a shift away from colour opponent axes in V1 (Lennie, Krauskopf, & Sclar, 1990) , whilst other studies have highlighted the differences between chromatically sensitive neurons in the LGN and V1, the former having small receptive fields and fast flicker responses, the latter large receptive fields and slow temporal frequency responses (Gouras, 1968; Dreher, Fukada, & Rodieck, 1976; Zrenner & Gouras, 1981; Kaplan & Shapley 1982; Hicks, Lee, & Vidyasagar, 1983; Ingling & Martinez-Uriegas, 1983; Crook, Lee, Tigwell, & Valberg, 1987; Livingstone & Hubel, 1987; Crook, Lange-Malecki, Lee, & Valberg, 1988; Lee, Martin, & Valberg, 1989; Kulikowski & Walsh, 1993) . This confirms that there are transformations involving the spatial and temporal integration of chromatic information between the LGN and V1. Suprathreshold psychophysical experiments also point to a reorganisation away from colour opponent axes and suggest the exis-tence of many colour mechanisms (Krauskopf, Williams, Mandler, & Brown, 1986; Webster & Mollon, 1991) . However experiments in which subjects discriminate hues at their detection thresholds firmly indicate the operation of only two pairs of chromatic opponent mechanisms but these are not arranged along the cardinal axes (Mullen & Kulikowski, 1990) .
It is traditionally held that the S -(L+ M) cone opponent mechanism, relies on an inferior sampling mosaic and has lower contrast sensitivity compared with the L-M mechanism (e.g. Brindley, 1954; Brindley, DuCroz, & Rushton, 1966; Green, 1968; Kelly, 1974; Cavonius & Estevez, 1975; Marc & Sperling 1977; Wisowaty & Boynton, 1980; Kelly, 1983; Williams & Collier, 1983; Ahnelt, Kolb, & Pflug, 1987; Hess, Mullen, & Zrenner, 1989; Curcio et al., 1991) . This ignores the following complicating factors. First, the chromatic interval of focus is larger in blue -yellow than in redgreen patterns and the resulting departures from isoluminance are affected to varying extents in different individuals by the optical density of the macular pigment (Wyszecki & Stiles, 1982) . Second, red -green mechanisms with L-and M-cone input are highly sensitive to spatial or temporal luminance contrast transients, whereas those dominated by S-cone input are not (Cavanagh, Anstis, & MacLeod, 1987) . Third, it is well known that achromatic Magno-cells respond to perfectly isoluminant red -green patterns, but that these responses are reduced for equivalent tritanopic patterns (Lee et al., 1989; Dacey & Lee 1994) . This leads to a spurious increase in sensitivity of the L-M, compared with the S-(L+ M) mechanism, under certain conditions.
In the present study our aim was to re-investigate the apparent discrepancy between the spatial and temporal sensitivities of the red-green (L-M) and blue-yellow (S-(L+ M)) systems using stimuli which control the above factors as strictly as possible. The study employs two experiments; in the first we have tested different axes of S-cone stimulation and compared tritanopic and non-tritanopic blue-yellow sensitivity. In the second experiment we have exploited the transient nature of achromatic mechanisms which are revealed when detection thresholds for onset-offset and contrast reversing gratings are compared so that the relative role of these mechanisms in the detection of red-green and tritanopic patterns can be examined.
Methods

Optical apparatus
The apparatus illustrated in Fig. 1 was employed to generate chromatic aberration-free, isoluminant gratings. The design is a modification of that employed by Mullen (1985) . Sinusoidal gratings, generated on two Joyce displays with frame rates of 200 Hz and white (P4) phosphors, were viewed through narrow band interference filters (half height band-width of 20 nm). The CIE (1931) chromaticity co-ordinates of the filters are shown in Fig. 2 . The axis of red-green stimulation was defined by a pair of filters with peak transmittances at 543 and 599 nm which were chosen to lie close to the categorical hues at which full discrimination according to the criteria of Watson and Robson (1981) is achieved (Mullen & Kulikowski, 1990; Jordan & Kulikowski, 1995) . This allows one to stimulate mechanisms directly involved in colour discrimination. Two axes of blue/yellow stimulation were explored; one a strict tritan axis, the other an intermediate between the categorical and tritan axes. The first axis used filters with peak transmittances at 436 and 520 nm. By varying the angle of the 520 nm filter with respect to the monitor, its peak wavelength could be adjusted between 495-520 nm (henceforth referred to as the 436 nm/500 var axis). The second axis used filters with peak transmittances at 439 and 568 nm (see Fig. 2 ). This combination (though departing slightly from the cardinal tritanopic confusion line of Krauskopf et al. (1982) ; see Fig. 2 ) was used because it afforded a wider range of contrasts than the 436/500 var pair.
The monochromatic gratings produced by the filter pairs were optically added in anti-phase to produce bichromatic isoluminant gratings and in-phase for Fig. 1 . Experimental set up used to obtain aberration free isoluminant gratings. Sinusoidal gratings were generated on two Joyce displays and optically combined for viewing by the subject at a semi-silvered mirror (SSM) following reflection by front surface silver mirrors (M1 and M2). The gratings could be combined in-phase to produce achromatic luminance varying gratings, or out-of-phase to produce isoluminant bichromatic gratings. Variable apertures (A1 and A2) controlled the field extent and narrow-band interference filters were placed along the optical paths in order to produce chromatic stimulation. Joyce 1 could be placed at a variable distance from the subject to compensate for chromatic aberrations and is therefore, shown as a dotted line. Different axes of stimulation were employed for the blue-yellow stimuli, one axis was formed by the combination of a 436 nm filter and a 520 nm filter, the angle of incidence of the latter was adjusted to give a variable peak transmission between 495 and 510 nm, indicated by two dotted lines. This enabled subjects to obtain a tritanopic pairing using a residual or melting minimally distinct border criterion. Another blue-yellow axis employed was formed by a combination of filters with peak transmittances at 439 and 568 nm.
heterochromatic flicker photometry (HFP). To ensure tritanopic stimulation by the 436/500 var filter pairing, subjects rated the distinctness of the border produced between the 436 nm component and the variable wavelength produced by adjusting the angle of the 520 nm filter. Residual distinctness or a melting border between isoluminant colours is directly related to tritanopic purity (Tansley & Boynton, 1978; Valberg, Lee, Kaiser, & Kremers, 1992) and the combination which produced this effect was used as an axis for S-cone stimulation.
Contrast sensitivity measurements were made by presenting the grating stimuli in either on-off or pattern reversal modes. Spatial measurements employed gratings presented at a rate of 1 Hz (500 ms for onset, offset and each reversal phase) with square wave temporal modulation. Temporal measurements used a grating of 0.85 c deg
In all experiments detection thresholds were set by the method of adjustment. For on-off presentation, the grating was exchanged with a uniform field of the same mean luminance and hue, giving a contrast change of 0 to + C. In the reversal mode the spatial phase was alternated so that previously bright bars became dark and vice versa, producing a contrast change of + C to − C (i.e. 2 C). Transient detectors are responsive to change in contrast and as a result are twice as sensitive to reversing patterns than to on-off. Sustained mechanisms, on the other hand, are sensitive to standing levels of contrast and will respond equally well to both on-off and reversal presentation modes. Thus the comparison of sensitivity to on-off and pattern reversal modes gives an insight into whether pattern detection is governed by predominantly transient or sustained mechanisms (Kulikowski & Tolhurst, 1973) .
Achromatic, or luminance contrast was defined in
As it is far from certain which can yield better insight, two measures of chromatic contrast have been employed. The first is based upon Michelson's contrast for each constituent (monochromatic) grating, both forming an opponent pair of hues. The rationale behind the use of this metric is that the contrast of monochromatic pairings of opponent hues is the highest chromatic contrast that may be encountered in a natural scene. The second expresses chromatic contrast in terms of individual cone modulations. The modulation, C M of the L-and M-cones by the red-green stimulus and of the S-cones by the blue-yellow stimulus, can be calculated, as described by Mullen (1985) , according to the expression:
where, C M is the cone modulation; S 1 and S 2 are the cone excitations taken from Smith and Pokorny (1975) cone fundamentals for wavelengths 1 and 2; L is the isochromatic luminance modulated gratings. The two monitors were placed at different distances from the observer to compensate for the dioptric interval of focus of the eye for the two wavelengths used (Bedford & Wyszecki, 1957; Howarth & Bradley, 1986) . A minimum of three cycles of the grating was visible in all experiments and the smallest field size used was 1°.
Procedure
The experiments were performed on two subjects (DMcK and JJK) with normal colour vision. The stimuli were viewed monocularly through a 5 mm artificial pupil and retinal illuminance was 60 photopic trolands for all wavelength combinations 1 . Steady fixation was ensured by the use of central fixation spots, a dental bite-bar and head restraint (Bradley, Zhang, & Thibos, 1992) . Prior to each experiment the pairings of monochromatic gratings were made isoluminant using 1 The data shown in this study have not been corrected for the Stiles-Crawford effect, which will reduce the effective retinal illuminance. However, a control experiment was conducted to ensure that responses are exclusively from cones and not influenced by rods. Thresholds were set following a 3 min period of light adaptation to a 10 000 troland tungsten light source of colour temperature 2800 K. A comparison of thresholds obtained with and without this adaptation procedure revealed no affect on the measurements. ratio of luminance components of the two gratings, obtained from HFP. V is the ratio of spectral luminosities of the two wavelengths taken from V u functions. (Note that if the red/green ratio obtained from HFP= 0.5, then L=1). C, is the Michelson contrast of component gratings.
The red-green grating comprising of wavelengths 543 and 599 nm produces an L-cone contrast equal to 14% and M-cone contrast equal to 32% of achromatic (i.e. 100%) modulation. Spatial and temporal sensitivities expressed in terms of cone modulation were calculated for the L-and M-cones by multiplying the red -green psychophysical data by the appropriate factors. For the 439/568 nm blue -yellow stimulus S-cone modulation is close to 100%, allowing the direct use of the psychophysical data as a measure of S-cone contribution. L-and M-cone modulations are 12 and 18%, respectively, for this axis. For the 436/500 var pair S-cone modulation equals 98% whilst the L-and Mcone modulations are both less than 1%.
Results
Experiment 1. S-cone sensiti6ity at different axes of stimulation
Determination of the characteristics of the S-cone chromatic mechanism is technically difficult for three reasons. Firstly, chromatic modulation at isoluminance must be achieved without encroaching on the redgreen mechanism. Secondly, the effects of chromatic aberration and variable macular pigmentation must be controlled. Thirdly, although narrow band filters are desirable, spectral luminous efficiency is low in the blue region, so adequate (photopic) retinal illuminance is difficult to maintain. With these caveats in mind, stimulation of S-cones has been investigated along one variable (436 nm/500 var which allows a restricted range of low contrasts), and one fixed (439/568 nm) axis (see Fig. 2 ).
The spatial and temporal characteristics of the Scone chromatic mechanism using these axes are illustrated in Fig. 3a and b , respectively. The spatial S-cone contrast sensitivity function is the first direct measurement obtained for stimulation along an individually obtained tritanopic confusion line. Two filter combinations along the 436/500 var axes are shown for which a low rating of a MDB or a 'melting border' was obtained for the two subjects. The open circles depict sensitivity for a 436/495 nm wavelength combination and the crossed circles for a 436/510 nm combination. The data are corrected for the reduced modulation of S-cones afforded by these axes according to equation 2. The figure also depicts sensitivity for the 439/568 nm combination indicated by the filled triangles (mean of two subjects). Note that this curve represents both S-cone, and Michelson chromatic contrast sensitivity. It is evident from Fig. 3 that it is an appropriate axis with which to examine both the spatial and temporal properties of the S-cone system as the sensitivity obtained along this axis is identical to that obtained along a tritanopic confusion line defined by the MDB technique that employs a melting border criterion. Because it allows a wider range of contrasts the 439/568 nm axis was employed in subsequent experiments. Fig. 4a-d shows the mean spatial and temporal chromatic contrast sensitivity functions for the redgreen and tritanopic patterns for the two subjects. Sensitivity has been plotted in terms of the inverse of Michelson contrast for the individual chromatic components (Mullen, 1985 (Mullen, , 1989 . The red -green and blue -yellow characteristics are low-pass as a function of spatial and temporal frequency. The data indicate that sensitivity to red -green and tritanopic blue -yellow patterns are matched in both the spatial and temporal domains, but that red -green sensitivity is marginally greater (a potential source of this difference is addressed below). In order to obtain estimates of spatial and temporal resolution limits regression lines were fitted to the data points and extrapolated to 100% modulation. By this method spatial resolution was computed as 5.7 c deg − 1 for red -green and 4.3 c deg
for blue -yellow (means of two subjects). Temporal resolution was calculated as 14.9 Hz for red -green and 13.5 Hz for blue-yellow. Note that difference in sensitivity between red-green and blue-yellow patterns is closely compatible with Mullen (1985) , it is stated as being between 0.15 and 0.2 log units-very similar to the values obtained in the present study. The spatial and temporal data shown in Fig. 4 are plotted in terms of L-, M-and S-cone contrast in Figs. 5 and 6 for the two subjects; for reference, achromatic contrast sensitivity is also plotted. The comparison of the achromatic and cone contrast functions demonstrates that spatial and temporal contrast sensitivity functions are different for chromatic and achromatic stimuli. An important point to note is that L-cone sensitivity drops below achromatic sensitivity at approximately 5 c deg − 1 and 5 Hz and falls off much more rapidly with spatial and temporal frequency than achromatic sensitivity. This implies that L-cone activity that signals the presence of a chromatic target is qualitatively different to that which signals the presence of an achromatic target. Or put another way, the opponent system is not limited by L-cone modulation but by post-receptoral mechanisms of which L-cone modulation is only one component.
The comparison of on-off versus contrast reversal sensitivity allows the evaluation of the relative contri-butions to detection of transient and sustained mechanisms. Fig. 7 shows both the on-off and reversal contrast sensitivity functions for red -green, blue -yellow as well as for achromatic patterns (note that Fig. 4 shows only the on-off data). The mean data from the two subjects illustrated in Fig. 7a and b are plotted in terms of sensitivity ratios (i.e. sensitivity to reversal/sensitivity to on-off presentation) as a function of spatial frequency in Fig. 8 . For both subjects the achromatic data, shown at the top of Fig. 7a and b , replicate the data of Kulikowski and Tolhurst (1973) . At low spatial frequencies, sensitivity to contrast reversal is twice that for on-off presentation. This factor of two corresponds to the change in physical contrast for the two forms of stimulation; in on-off contrast changes from 0 to C whereas in contrast reversal it changes from − C to + C. As spatial frequency increases, the stimuli are detected by more sustained-like mechanisms and the two stimuli are equally detectable beyond 3.0 c deg − 1 . Fig. 7 reveals that red-green gratings also show a difference in sensitivity between the two modes of stimulation but this is less than the factor of two seen for achromatic gratings. Sensitivity to red-green pattern reversal is greater than sensitivity to on-off by a factor of approximately 0.176 log units (× 1.5). It is likely that sensitivity is higher using contrast reversal because it encourages the operation of residual transient detection at low spatial frequencies (see Section 4). Hence the red-green isoluminant grating does stimulate transient (achromatic) detectors but less effectively than the achromatic, luminance-modulated, stimulus. As expected (see Cavanagh et al., 1987) , isoluminant blue- Fig. 5 . Spatial contrast sensitivity has been plotted in terms of cone contrast. Using the data from Fig. 4 , sensitivity has been adjusted to a level that would be expected if the L-, M-and S-cones were maximally modulated. The contrast sensitivity to a luminance modulated, achromatic, stimulus is also shown. Fig. 6 . L-, M-and S-cone and achromatic temporal contrast sensitivity. Data from Fig. 4 has been re-plotted following the conventions used in Fig. 5 . Fig. 7 . On-off and contrast reversal sensitivity as a function of spatial frequency for achromatic, isoluminant red -green and blue -yellow stimuli for subjects JJK (a) and DMcK (b). Note that whilst there is a factor of two difference between reversal and on-off sensitivity for achromatic gratings, this is reduced to ×1.5 for red-green gratings and to unity for blue -yellow gratings, indicating that there is little or no contribution from transient mechanisms to the detection of these patterns.
yellow gratings fail to elicit any transient response and the onset/reversal ratio is unity as seen in Fig. 8 .
Overall, the difference between contrast reversal and on-off sensitivity is around 0.176 log units. In Fig. 9 the effect of adjusting sensitivity to the red -green reversing stimuli by 0.176 log units (× 1.5) for both spatial (Fig.  9a) and temporal (Fig. 9b) variations is shown. In this way we can eliminate the putative role of transient mechanisms as revealed by contrast reversing stimulation ( Fig. 7a and b) . When this correction is made for both subjects, the averaged data show that the difference in sensitivity between the red -green and blue-yellow pathways is small.
Discussion
This report confirms that contrast sensitivities for chromatic-opponent, isoluminant, sinusoidal gratings are low-pass functions of spatial and temporal frequencies. In addition two novel findings are described. First, it is shown that sensitivity of the blue -yellow opponent mechanism, defined here as determined by the S-cone input at threshold, is a similar low-pass function of spatial frequency when determined along a 439/568 nm axis and along other axes designed to test the 'purity' of S-cone stimulation. Secondly, we find that although the red -green (L-M) opponent mechanism shows marginally higher spatial and temporal sensitivity than the blue-yellow mechanism, this is owing to its intrinsically greater susceptibility to transient (achromatic) intrusions compared with the S-cone pathway. Thus, when corrections are made for such intrusions, which are specific to the L-M system, the main opponent systems have compatible contrast sensitivities as defined using dual monochromatic-opponent hues.
This might seem incompatible with some psychophysically determined differences between the two opponent systems. For example, many studies have reported the S-cones to be inferior to L-and M-cones Fig. 8 . Sensitivity ratios (contrast reversal sensitivity/on-off sensitivity) for achromatic, red -green and blue -yellow stimuli are plotted as a function of spatial frequency. Mean of two subjects. Fig. 9 . A comparison of red-green and blue-yellow chromatic contrast reversal sensitivity for (a) spatial and (b) temporal presentations. In each case the red -green reversal data have been decreased by a factor of 1.5 in order to compensate for the contribution of transient mechanisms to the detection of these stimuli. The functions represent the means of the two subjects JJK and DMcK.
in terms of their spatial and temporal properties (e.g. Cavonius & Estevez, 1975; Wisowaty & Boynton, 1980) . However at the pre-synaptic level, S-cones have similar transduction properties to L-and M-cones (Schnapf, Nunn, Meister, & Baylor, 1990) . Despite the anatomical differences in the underlying neurons of the post-receptoral pathways (Dreher et al., 1976; Dacey & Lee, 1994 ) the differences in response properties are much smaller than previously estimated. Yeh, Lee, and Kremers (1995) showed electrophysiogically that redgreen and blue-yellow retinal ganglion cells have similar temporal properties; furthermore, when they tested equivalent psychophysical mechanisms, these were attenuated in a similar way to our data (low-pass corner frequencies at 3-5 Hz). As far as spatial properties are concerned, Sekiguchi, Williams, and Brainard (1993) found that the contrast sensitivity functions for redgreen and S-cone isolating stimuli were very similar and suggested that the underlying neural mechanisms must have similar sensitivity and spatial properties. Their absolute values for resolution were higher than found in this study, but they used interference fringes to generate the gratings and much higher retinal illuminances, which favour less sensitive mechanisms. Other studies also noticed that at high contrasts the low-pass sensitivity function shows a second segment (e.g. Kulikowski, McKeefry, & Robson, 1997) which they interpret as the contribution of another, chromatic-pattern mechanism (Kulikowski et al., 1997) . Many contemporary studies stress stronger contributions of red -green than S-cone mechanisms to pattern, texture and motion processing. Conversely, colour vision requires balanced red -green and blue yellow mechanisms.
It is sometimes argued that higher red -green resolution may reflect the numerical superiority of L-and M-cones, although the cone mosaic does not solely determine resolution (see below) and we demonstrate in Fig. 5 that the L/M-cone colour contrast sensitivity functions are different than the luminance contrast sensitivity function, also determined by L/M cones. Recent studies have suggested that the sampling mosaics of the L-and M-cone systems may not be as effective as originally thought. Roorda and Williams (1999) , for example, have shown that in human retina the L-and M-cones have a tendency to clump together in patches that may extend up to 5 min of arc in diameter. This would compromise the sampling of redgreen isoluminant patterns but would be more beneficial for the recovery of high spatial frequency luminance information (Gowdy & Cicerone, 1998; Roorda & Williams, 1999) . They also found that the human retina, like that of Old World monkeys (Mollon & Bowmaker, 1992) , possesses a random distribution of L-and M-cones which would also tend to induce sampling errors.
Numerical superiority of the L-and M-cones may still be necessary in order to give the red-green system high cone contrast sensitivity and compensate for the overlapping absorption spectra of the L-and M-cones. In comparison, the spectral overlap between the main components of the S-cone system is greatly reduced. Hence even though driven by only 5-10% of the total cone population, the substantial difference in action spectra between S-cones and L/M cones allows high levels of relative S-cone excitation. These factors could provide the means by which the S-cone system could equal the performance of the (L-M) cone system.
Effects of different axes of stimulation
In the present study we have chosen two axes of stimulation on a chromaticity plane (red-green or blue -yellow) as an adequate description of colour vision at threshold. This is consistent with the report by Mullen and Kulikowski (1990) and Jordan and Kulikowski (1995) that only four spectral ranges are completely discriminable. However, there does not appear to be a consensus on the detection models (Cole, Hine, & Mcllhagga, 1993; Sankeralli & Mullen, 1996) . Hence, in our experiments we chose wavelength pairs of hues close to categorical hues. Apart from optimising colourrelated detection, these hues are monochromatic, which allows us to control chromatic aberration. The selectivity of our S-cone dominated axis was established using a 'melting border' criterion that allows the identification of the optimum tritanopic axis (Tansley & Boynton, 1978) . In this way an extremely precise, 'individual' tritanopic confusion line could be obtained, taking account of the fact that tritanopic axes vary between individuals because of the density of macular pigment (Moreland, 1972; Moreland, Robson, Soto-Leon, & Kulikowski, 1998) . Despite these precautions however, it is evident from Fig. 3 that there is little difference in the spatial and temporal contrast sensitivity functions obtained along a strict S-cone isolating axis and a second non-tritanopic blue -yellow axis. This result is consistent with the conclusions of Smith and Pokorny (1995) who demonstrated the predominance of the Scone mechanism over short wavelengths.
Roles of sustained and transient mechanisms in red -green and blue-yellow colour-opponency
Two temporal filters, one sustained and one transient, subserve the detection of achromatic patterned stimuli at threshold (Kulikowski & Tolhurst, 1973; Burr & Ross, 1986) . Using square wave (rather than sinusoidal) temporal modulation, we have encouraged the activity of the achromatic transient-based mechanisms. Kulikowski and Tolhurst (1973) showed that under achromatic conditions reversing gratings (spatial frequency B3 c deg − 1 ) are detected with twice the sensitivity of on-off gratings. They argued that a purely transient system would only detect the change in contrast. As the physical change in contrast is twice that for reversal compared with on-off (see Section 2), then the factor of two increase in sensitivity is due to the operation of transient detectors. Thus, the comparison of sensitivity to on-off presentation as opposed to reversal, allows us to estimate the impact of this transient activity. We have found that for red -green gratings there is an increase in sensitivity for reversal presentations by a factor of 1.5. This is consistent with partial contribution of the magno-system to detection of isoluminant red-green stimuli. The extent of this contribution is obviously greater than × 1.25 (adding sustained and transient components according to probability summation) but less than ×2 (when purely achromatic mechanisms are operating). For tritanopic stimuli, however, there is no observed increase, the sensitivity ratio is at, or close to, unity as seen in Fig. 8 . Thus, we can conclude that using our stimulus conditions, whilst there may be contributions from both sustained and transient mechanisms to the detection of red-green patterns (Kulikowski et al., 1997 see also Burr & Morrone, 1993; Metha & Mullen, 1996) , the detection of tritanopic stimuli is subserved by a single sustained temporal filter. The sensitivity of the redgreen mechanism is enhanced compared with the Scone driven mechanism by the contribution of transient mechanisms. More representative red-green sensitivity can, therefore, be determined by dividing the sensitivity to the reversal stimulus by 1.5. When this is done, as in Fig. 9 , the functions show that there is virtually no difference in sensitivity, for both spatial and temporal functions, between the red-green and blue-yellow mechanisms.
Under normal viewing conditions chromatic borders are usually confounded by changes in luminance contrast. In rare instances of isoluminance (natural or experimental), ocular chromatic aberrations and other factors such as macular pigment variation, introduce luminance contrast, the presence of which precipitates contributions from transient temporal filters . In previous studies, small peaks around 10 Hz are seen in the red-green temporal contrast sensitivity function (De Lange, 1958; Swanson, Pokorny, & Smith, 1987) which are indicative of contributions from magnocellular transient filters. The aberration-free stimuli employed in this study reveal no comparable band-pass chromatic contrast temporal sensitivity functions. However, as stated above, the reversal, on-off sensitivity ratios do indicate that transient mechanisms are not completely eradicated and however carefully isoluminance is set, they still make some contribution to the detection of red-green patterns. A possible explanation for this persistent contribution may lie in the sensitivity of the magnocellular system to red-green gratings. This link with the magnocellular pathway makes the red-green pathway particularly susceptible to luminance changes, thus the presence of any residual luminance contrast will increase its overall response. However, after compensating for the confounding effects of transient achromatic involvement it is possible to show that the two opponent mechanisms, L-M and S-(L+ M), are matched in terms of their chromatic contrast sensitivity and spatial and temporal resolution. preparing the figures. We are grateful to Joel Pokorny and Kathy Mullen for comments on an earlier draft of this paper and to the referees for helpful comments.
